Spectrometers are widely used tools in chemical and biological sensing, material analysis, and light source characterization. The development of a high-resolution on-chip spectrometer could enable compact, low-cost spectroscopy for portable sensing as well as increasing lab-on-a-chip functionality. However, the spectral resolution of traditional grating-based spectrometers scales with the optical pathlength, which translates to the linear dimension or footprint of the system, which is limited on-chip. In this work, we utilize multiple scattering in a random photonic structure fabricated on a silicon chip to fold the optical path, making the effective pathlength much longer than the linear dimension of the system and enabling high spectral resolution with a small footprint. Of course, the random spectrometer also requires a different operating paradigm, since different wavelengths are not spatially separated by the random structure, as they would be by a grating. Instead, light transmitted through the random structure produces a wavelengthdependent speckle pattern which can be used as a fingerprint to identify the input spectra after calibration. In practice, these wavelength-dependent speckle patterns are experimentally measured and stored in a transmission matrix, which describes the spectral-to-spatial mapping of the spectrometer. After calibrating the transmission matrix, an arbitrary input spectrum can be reconstructed from its speckle pattern. We achieved sub-nm resolution with 25 nm bandwidth at a wavelength of 1500 nm using a scattering medium with largest dimension of merely 50 μm.
INTRODUCTION
Optical scattering in random structures has been studied for years due to its prevalence in natural systems ranging from biological tissue to the atmosphere [1] . Historically, most of this research has focused on mitigating the effects of scattering so that we can send information through the atmosphere without distortion or image through scattering tissue [2] . However, disordered structures also exhibit many attractive features from the perspective of photonic device design. For example, the long optical pathlength experienced in disordered structures could be useful in sensing applications. In addition, disordered structures exhibit a broadband response: a long optical pathlength is experienced over a wide range of wavelengths, in contrast to microcavities which only enhance the optical pathlength at specific resonant frequencies [3] [4] [5] [6] . Of course, working with disordered structures also introduces well known challenges, including low transmission and potentially unpredictable behavior. In this work, we show that disorder can be used to enhance the performance of an on-chip spectrometer, providing fine spectral resolution in a small footprint [7] . In this case, the wavelength dependent speckle patterns transmitted through the random structure provides a fingerprint that can be used to identify the input wavelength after calibration. Although researchers demonstrated that this approach could be used to build a spectrometer using a bulk disordered [8] or random structure [9] , low transmission limited the sensitivity of these devices. However, by fabricating the device on-chip, we are able to minimize the insertion loss normally associated with multiple scattering in a disordered structure. By surrounding the random structure with a full-bandgap photonic crystal boundary, we efficiently channeled the diffusive light through the disordered medium to the detectors. We also tailored the scattering properties of the random system, which consisted of precisely positioned air cylinders etched into a silicon membrane. By introducing structural correlations to the disordered medium, we engineered the spatial Fourier spectra to reduce the out-of-plane scattering loss. ..
ON-CHIP RANDOM SPECTROMETER DESIGN
The on-chip random spectrometer was fabricated on a silicon-on-insulator wafer, as shown in Fig. 1(a) . The scattering elements in our device are randomly positioned air cylinders etched in top Si layer [ Fig. 1(d) ]. We arranged the randomly placed air cylinders in a semi-circle bordered on all sides by a photonic crystal lattice with a full bandgap across the design spectrum of the spectrometer (λ=1500−1525 nm). We then introduced defect waveguides in the photonic crystal border to provide 1 input and 25 output waveguides, as shown in the insets of Fig. 1(c,e) . The photonic crystal boundary served to confine the light in the scattering medium until it diffused through to the output waveguides. In the random spectrometer, we surrounded the disordered photonic structure with the photonic crystal boundary to reduce the insertion loss. The triangular lattice of air holes that form the boundary were designed to have a 2D photonic bandgap (PBG) for TE polarized light across the operating bandwidth (λ=1500 to 1525 nm). To compare the optical transmission with and without the photonic crystal boundary, we performed 2D numerical simulations using the finitedifference frequency-domain method. As shown in Fig. 2 , the random spectrometer has the same semicircular shape as the fabricated device in Fig. 1 (a). The input waveguide injects light from the center of the semicircle, and the output waveguides are distributed along the circumference. The density and size of air holes are identical to those of the fabricated spectrometer. The effective index of refraction of the silicon layer is 2.86, it is obtained by matching the PBG of a triangle lattice of air holes (with the same density and size of air holes as in the random array) in the 220 nm silicon layer on top of silica to that of the approximate 2D structure.
In Fig. 2(a) , the boundary in between the waveguides are open and light can leak out. The boundary at the flat base of the semicircular area containing the scattering medium is also open. In Fig. 2(b) , the boundary reflects light back into the random medium. To reduce the computational demands, the photonic crystal lattice was replaced by a perfect magnetic conductor at the boundary, which also reflects the TE polarized light from all directions. We summed the flux of light reaching the detector waveguides indicated in green in Fig. 2 (a,b) and divided by the input flux to obtain the transmission. For the 25 μm radius open random structure, the transmission is only 21% in the wavelength range of 1500 nm to 1525 nm. However, by adding the photonic crystal boundary (i.e. the reflecting boundary in the simulation), the transmission increases to 60%. In this 2D simulation, the out-of-plane scattering was not taken into account. Nonetheless, this illustrates that the introduction of reflecting borders can significantly improve the transmission through the scattering medium. 
RANDOM SPECTROMETER CALIBRATION AND CHARACTERIZATION
To use the random structure as a spectrometer, we first calibrated the spectral-to-spatial mapping by recording the wavelength-dependent intensity distributions on the detectors. This was accomplished by fiber coupling a tunable laser to the input waveguide and imaging the scattered light from a ridge etched at the end of each detector waveguide from above using an InGaAs camera. A typical image of the spectrometer during calibration is shown in Fig. 3(a) . The intensity distribution across the 25 detector channels provides a fingerprint which can be used later to identify the same input wavelength. In practice, this calibration data was stored in a transmission matrix, T, relating the discretized spectral channels of input, S, to the intensity measured by different detectors, I, as I = T·S. Each column in T describes the intensity distribution on the detectors produced by input light in one spectral channel. For the 25 μm radius spectrometer shown in Fig. 1(a) , we calibrated a transmission matrix covering a bandwidth of 25 nm: from λ = 1500 nm to 1525 nm. The spectral channel spacing was selected to be 0.25 nm, which was less than the spectral correlation width of the device. A representative transmission matrix is shown in Fig. 3(b) . Using the data in the transmission matrx, we were able to calculate the change in wavelength required to produce an uncorrelated speckle pattern. For the 25 um radius spectrometer, we found that the spectral correlation width was ~0.6 nm, as shown in Fig. 3(c) . After calibration, an arbitrary probe spectrum can be reconstructed by measuring the intensity of light reaching the detectors (I) and multiplying it by the inverse of the transmission matrix: S = T −1 I. In practice, the matrix inversion process is susceptible to experimental noise [10, 11] . In Fig. 4(a) , we show the spectra reconstructed using the matrix inversion procedure for a narrow probe wavelength at 1512 nm. Due to the small singular values in the transmission matrix, which are particularly susceptible to noise, the matrix inversion procedure fails to accurately reconstruct the spectra. To improve the accuracy of the spectral reconstruction, we truncated the weak singular values and used the inverse of this "truncated" transmission matrix to reconstruct the spectra. As shown in Fig. 4(b) , the truncation procedure dramatically improves the accuracy of the random spectrometer. Finally, we added a non-linear optimization procedure to further refine the reconstructed spectra. In this case, we used a simulated annealing algorithm to find the input spectra S that minimizes ||I−TS|| 2 [11] . As shown in Fig. 4(c) , the simulated annealing algorithm was able to accurately identify the probe wavelength with very little noise. Although the simulated annealing algorithm is slower than the matrix inversion techniques, the spectra acquired using the truncated inversion can be used as a starting guess for the simulated annealing algorithm, significantly reducing the computational time. Figure 4 . Reconstructed spectra (blue solid lines) for a narrow probe signal at λ=1512 nm (indicated by the red-dotted line), using (a) the direct matrix inversion procedure, (b) a truncated matrix inversion procedure, or (c) a simulated annealing algorithm.
Using the combination of truncated inversion and simulated annealing we attempted to reconstruct a series of probe lines across the 25 nm operating bandwidth of the spectrometer. As shown in Fig. 5(a) , the spectrometer was able to accurately reconstruct each probe spectrum. In addition to identifying narrow lines, the spectrometer was able to resolve two lines separated by only 0.75 nm [ Fig. 5(b) ] and reconstruct broadband spectra [ Fig. 5(c) ]. 
ENGINEERING THE DISORDERED STRUCTURE TO REDUCE OUT-OF-PLANE SCATTERING
Although the photonic crystal boundary increased the in-plane transmission through the scattering medium, the random spectrometer still suffers from out-of-plane scattering loss. This is visible in Fig. 3 (a), which shows a strong scattering signal from the semi-circular random scattering region of the spectrometer. In addition to reducing the sensitivity of the on-chip random spectrometer, scattering loss will also reduce the resolution by preferentially attenuating the longer optical pathlengths and thereby reducing the average optical pathlength through the random structure [12] . In order to reduce the out-of-plane scattering, we introduced structural correlations to the scattering medium. In particular, we fabricated spectrometers in which the random scattering structure was replaced with air holes arranged in an amorphous [13] or spiral structure [14] . The hole positions for the random, amorphous, and spiral scattering structures are shown in Aside from the scattering structure, the amorphous and spiral based spectrometers had the same geometry as the random spectrometer shown in Fig. 1(a) . We performed the same calibration procedure and testing on the amorphous and spiral based structures. The most pronounced difference between the devices can be seen in Fig. 7 , which shows the scattered light at λ=1500 nm from the three devices. While the random scattering structure based spectrometer has very strong outof-plane loss from the semicircular scattering region, this out-of-plane loss is dramatically reduced in the amorphous and spiral based structures. We estimated that the spiral and amorphous structures provided more than a factor of two improvement in transmission in these 20 μm radius devices, while providing comparable spectral resolution and bandwidth. Figure 7 . Top-view of the scattered light intensity from 20 um radius spectrometers based on a random, amorphous, or spiral scattering structure. The amorphous and spiral based devices exhibit far less out-of-plane scattering loss from the semicircular scattering region, indicating the structural correlations can be used to improve the sensitivity of the on-chip spectrometer.
SUMMARY
In summary, we have designed and fabricated an ultra-compact spectrometer using scattering from aperiodic nanostructures to achieve high spectral resolution. We showed that a spectrometer based on a 25 μm radius random scattering structure could provide 25 nm bandwidth with 0.75 nm resolution at λ=1500 nm. The spectrometer was able to resolve narrow lines as well as broadband spectra. Finally, we showed that introducing structural correlations to the scattering medium reduced the out-of-plane scattering loss, improving the device sensitivity. Such a compact, highresolution spectrometer could enable lab-on-a-chip applications.
